We have developed two sets of chromosome segment substitution lines (CSSLs) of cultivated rice (Oryza sativa) carrying donor segments from indica cultivars DV85 and ARC10313. The lines in each set contain chromosomal segments that cover most of the donor genome in a uniform genetic background (ssp. japonica cv. Taichung 65). The starting materials were several recombinant inbred lines derived from the crosses Taichung 65 × DV85 and Taichung 65 × ARC10313. The CSSLs were generated by repeated backcrossing to Taichung 65 (pollen parent), with marker-assisted selection applied at several marker loci. The CSSLs of DV85 (TD-CSSLs) comprise 45 lines that cover 76.6% of the DV85 genome, and the CSSLs of ARC10313 (TA-CSSLs) comprise 44 lines that cover 74.4% of the ARC10313 genome. We investigated the genetic control of days-to-heading in both sets of CSSLs and demonstrated the genetic contribution of several chromosome regions. These CSSLs provide a valuable tool for rice germplasm enhancement, and we expect them to reveal the genetic basis of traits specific to the donor cultivars.
Introduction
Cultivated rice, O. sativa L., has a high level of genetic diversity. Throughout the long history of rice cultivation, farmers have selected rice landraces and cultivars adapted to different agro-climatic conditions of the world. These cultivars are well adapted to various abiotic constraints and also possess some level of resistance to various biotic stresses (Khush 1977) . The development of elite rice cultivars with resistance to both abiotic and biotic stresses first requires germplasm screening to identify resistant or tolerant genotypes that can be used as donor parents in breeding programs. The availability of rice germplasm exhibiting a wide range of genetic diversity is essential to the success of future breeding programs.
To understand the genetic basis of complex traits, such as agronomic characteristics, in a specific germplasm, genetic mapping using F 2 , BC 1 F 1 , or recombinant inbred populations is necessary. However, it is usually very difficult to identify genetic factors responsible for these traits because the high heterogeneity of the segregants in these populations causes vague phenotypes, resulting in phenotyping errors. Chromosome segment substitution lines (CSSLs) are sets of lines that carry segments covering the entire genome of one cultivar (the "donor") within the genetic background of another (Eshed and Zamir 1995) . Because of their uniform genetic background, CSSLs are very suitable experimental materials for genetic analysis and molecular breeding, and can be used to evaluate specific gene action (Yano et al. 2001) . In addition, near-isogenic lines (NILs) containing newly identified genes or QTLs can be rapidly developed from CSSLs by performing one or two additional backcrosses of the CSSL to the recurrent parent and following the gene or QTL of interest with marker-assisted selection (MAS). Advancedbackcross populations of CSSLs for a gene of interest can also serve as source of a segregating population for highresolution mapping. The introgression of germplasm from ssp. indica cultivars is a promising method to increase genetic variability in ssp. japonica rice. Hence, several CSSLs populations in the ssp. japonica background have been developed by using indica cultivars as donors (Ebitani et al. 2005 , Kubo et al. 2002 .
To analyze the genetics underlying traits in ssp. indica and to explore the genetic potential of this subspecies, we developed two sets of CSSLs with the same ssp. japonica genetic background. Here, we describe the development of DV85 CSSLs (hereafter referred to as TD-CSSLs) and ARC10313 CSSLs (hereafter referred to as TA-CSSLs) in the O. sativa ssp. japonica cv. Taichung 65 (hereafter referred to as T65) genetic background. We demonstrate the usefulness of these genetic materials for future rice improvement through the identification and characterization of alleles controlling days-to-heading from the two donor cultivars.
Materials and Methods

Plant materials
The starting materials were indica cultivars DV85 from Bangladesh and ARC10313 from India, and japonica cultivar T65. Oda et al. (2003) developed two sets of recombinant inbred lines (RILs) from intersubspecific crosses T65 × DV85 (recombinant inbred lines C [RIC]) and T65 × ARC10313 (recombinant inbred lines D [RID]); these lines have been maintained by the single-seed-descent method. We used these two sets of RILs to develop CSSL sets TD-CSSLs (derived from DV85) and TA-CSSLs (derived from ARC10313) in the background of T65.
The breeding scheme for developing CSSLs in the T65 genetic background is shown in Fig. 1 . Several lines of RIC and RID were crossed to T65, followed by successive backcrossing to T65 of the F 1 hybrids, BC 1 F 1 , and BC 2 F 1 progeny to produce BC 3 F 1 progeny. By using SSR markers that covered the entire donor genome, MAS was then carried out in the BC 3 F 1 generation to select candidate plants carrying the target chromosome segments. To obtain homozygous lines for the substituted chromosome segments, MAS was again performed in the BC 3 F 2 , BC 3 F 3 , and BC 3 F 4 generations.
DNA analysis using SSR markers
Genomic DNA for SSR analysis was extracted from freeze-dried leaf samples according to the method of Dellaporta et al. (1983) , with minor modifications. The polymerase chain reaction (PCR) analysis was performed in a 15-µL reaction mixture containing 50 mM KCl, 10 mM Tris·HCl (pH 9.0), 1.5 mM MgCl 2 , 200 µM each dNTP, 0.2 µM each primer, 0.75 U Taq polymerase (Takara, Otsu, Japan), and approximately 25 ng template DNA in a GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA, USA). The PCR program used was 95°C for 5 min, followed by 35 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, with no final extension. PCR products were separated in 4% agarose gel (Agarose HT; Amresco Inc., Solon, OH, USA) in 0.5× Tris-borate-EDTA (TBE) buffer.
Estimations of donor genomic coverage of the CSSLs
Several hundred rice SSR markers have been identified and made widely available for genetic studies and markerassisted breeding (McCouch et al. 2002, Temnykh et al. 2001). In the final selection step to produce homozygous CSSLs, we used 111 and 124 SSR markers to characterize TD-CSSLs and TA-CSSLs, respectively (Supplemental Tables 1 and 2 ). The proportion of the donor genome covered by each set of CSSLs was estimated by dividing the total number of SSR marker alleles from the donor genotype that were present in the CSSLs by the total number of SSR markers used for the SSR genotyping of that set. The positions of the SSR markers in the rice genome were determined by performing a BLAST homology search against IRGSP pseudomolecules (Build 5, http://rapdb.dna. affrc.go. jp/download/index.html).
Evaluation of days-to-heading of the CSSLs
The two sets of CSSLs (45 TD-CSSLs and 44 TACSSLs), the donor cultivars (DV85 and ARC10313), and the recurrent parent (T65) were sown on 2010 June 9 and transplanted on July 17 at the Kyushu University Experimental Farm (130.29°E, 33.36°N), in Fukuoka, Japan. The heading date of 10 individual plants from each CSSL was recorded when the first spikelet of the panicle emerged at the base of each flag leaf. Days-to-heading was expressed as the number of days from seed sowing to heading. CSSLs showing significantly shorter or longer days-to-heading than T65 were identified by the Tukey-Kramer multiple-comparison test (Table 1) .
Results
Development of CSSLs
TD-CSSLs: Nineteen RILs (RICs) randomly selected for days-to-heading were initially crossed with T65 (Fig. 1A) . The resulting F 1 hybrids were backcrossed to T65 to generate BC 1 F 1 progeny followed by another backcrossing to generate BC 2 F 1 progeny. Forty BC 2 F 1 plants from 139 families were grown and backcrossed to T65 to generate BC 3 F 1 progeny. A total of 109 BC 3 F 1 plants were then genotyped using 81 SSR markers to select the plants carrying the candidate chromosome regions of the donor parent. Among the 109 BC 3 F 2 populations, 118 candidate plants for TD-CSSLs were selected on the basis of the genotype for the target chromosome region. To obtain homozygous CSSLs, we selected 80 plants from 118 BC 3 F 3 families on the basis of both phenotypes and SSR genotypes. These were advanced through self-pollination to produce BC 3 F 4 seeds. In the BC 3 F 4 generation, the plants were again subjected to wholegenome genotyping using 111 SSR markers, leading to the final selection of 45 plants carrying homozygous substituted chromosome segments of DV85 (Fig. 2) . The substituted segments in the TD-CSSLs covered most of the DV85 genome, although there are 26 missing markers on chromosomes 1, 3, 4, 5, 9, 10, 11 and 12 (underlined in Fig. 2 ).
TA-CSSLs: Twenty-five RILs (RIDs) randomly selected for days-to-heading were initially crossed with T65 (Fig. 1B) . The resulting F 1 hybrids were backcrossed to T65 to generate BC 1 F 1 progeny followed by another backcrossing to generate BC 2 F 1 progeny. Fifty BC 2 F 1 plants from 158 families were grown and backcrossed to T65 to generate BC 3 F 1 progeny. A total of 136 BC 3 F 1 plants were then genotyped using 95 SSR markers to select the plants carrying the candidate chromosome regions of the donor cultivar. Among the 136 BC 3 F 2 populations, 117 plants were selected as candidate plants for TA-CSSLs. To obtain homozygous CSSLs, we selected 98 plants from 117 BC 3 F 3 families on the basis of both phenotypes and SSR genotypes. These were advanced through self-pollination until the BC 3 F 4 seeds. In the BC 3 F 4 generation, the plants were again subjected to whole-genome genotyping using 124 SSR markers, leading to the final selection of 44 plants carrying homozygous substituted chromosome segments of ARC10313 (Fig. 3) . The substituted segments in the TA-CSSLs covered most of the ARC10313 genome, although there are 31 missing markers on chromosomes 1, 3, 4, 6, 7, 9, 10, 11 and 12 (underlined in Fig. 3 ).
Estimation of donor genomic coverage in the CSSLs
The TD-CSSLs possessed 1 to 4 unlinked donor chromosomal segments per line (Fig. 2) , and the TA-CSSLs possessed 1 to 3 (Fig. 3) . The donor genome coverage of the CSSLs was estimated from the number of SSR markers corresponding to donor chromosome segments and the size of the intervals between such markers, as 76.6% in the TDCSSLs and 74.4% in the TA-CSSLs.
Chromosome segments of CSSLs controlling heading date
The two sets of CSSLs, the donor cultivars, and the recurrent parent were evaluated for days-to-heading under natural field conditions. DV85 showed slightly earlier heading than T65, and ARC10313 showed extremely early heading. The mean days-to-heading was 88.8 days in DV85 and 70.4 days in ARC10313, versus 92.5 days in T65 (Fig. 4A, C) . Daysto-heading in the TD-CSSLs showed a normal distribution ranging from 85.2 to 98.5 days (Fig. 4A) . The TD-CSSLs showed a narrower range than did the RICs, which had previously been investigated under similar conditions (Fig. 4A,  B) . Among the 45 TD-CSSLs, 12 lines showed significantly different days-to-heading from T65 (Table 1) . The days-toheading of the remaining 33 lines were similar to that of T65. Days-to-heading in the TA-CSSLs showed a distribution ranging from 86.0 to 103.6 days. The TA-CSSLs showed a narrower range than did the RIDs, which had previously been investigated under similar conditions (Fig. 4C,  D) . Among the 44 TA-CSSLs, 12 lines showed significantly different days-to-heading from T65 (Table 1) . The days-toheading of the remaining 32 lines were similar to that of T65.
In the TD-CSSLs, eleven chromosomal regions were associated with changes in days-to-heading: two each on chromosomes 1 and 6 and one each on chromosomes 2, 4, 5, 7, 8, 10 and 11 (Table 1 and Fig. 5 ). These homozygous chromosomal segments from DV85 affected the trait in both directions: the segments derived from DV85 on chromosomes Effects of donor chromosomal regions oncontributed to days-to-heading were calculated as the difference (days) from T65. Minus and plus value indicate early and late heading traits, respectively, contributed by indica chromosomal segments, respectively. n.s.: not significant at the 1% level.
1S, 1L, 2L, 4S, 5, 7S, 8 and 10 contributed to earlier heading, while those on chromosomes 6S, 6L, and 11S contributed to later heading. In the TA-CSSLs, nine or ten chromosomal regions affected days-to-heading: two regions on chromosome 1, one or two regions on chromosome 8, and one each on chromosomes 3, 4, 7, 10, 11 and 12 (Table 1 and Fig. 5 ). In the case of chromosome 8, it was difficult to confirm whether a single region or two linked but separate QTLs controlled the trait. Some homozygous segments from ARC10313 in the TA-CSSLs contributed to earlier heading (segments on chromosomes 1S, 1L, 3L, 8, 10L and 11L) whereas others contributed to later heading (segments on chromosomes 4L, 7L and 12).
Discussion
Donor genome coverage in the CSSLs
The comparatively poor genome coverage of the donor cultivars in the CSSLs may have been caused by recombination during the many generations of self-pollination in the process of developing the RILs that were used as parents of the CSSLs. These RILs had been propagated by single-seed descent until the F 10 generation. The substituted segments of the indica cultivar in the original recombinant inbred plants might have been shortened even further when the plants were backcrossed to T65 to develop the CSSLs. Thus, these CSSLs would have been provided more opportunities for recombination than would typically occur with CSSLs derived from advanced-backcross progeny. Longer introgressed segments have been observed in cases where the opportunity for recombination is limited ). An advanced-backcross strategy would be expected to produce CSSLs containing longer chromosomal segments from the donor cultivars than we observed in the present study.
Confirmation of previously detected QTLs controlling heading date
Both the TD-CSSLs and the TA-CSSLs showed variation in days-to-heading as well as in agronomic and morphological traits such as spikelet fertility and plant height. The CSSLs make it possible to analyze the genetics of these traits and to easily identify genes or QTLs behaving as single Mendelian factors.
In a previous report from our research group, Oda et al. (2003) described the development of the two sets of RILs (RIC and RID) that we used to develop the CSSLs here. In the set of RICs (the progenitors of the TD-CSSLs), Oda et al. (2003) detected three QTLs for heading date, on chromosomes 4S, 5 and 10 (P < 0.01) ( Table 1 and Fig. 5 ). Here, three CSSLs (TD-CSSLs 31, 37 and 71A), each carrying a donor chromosome segment encompassing one of the QTLs identified in the earlier analysis, showed a significant difference in heading time compared with T65 (Table 1 and Fig. 5 ). TD-CSSL31, which carried a DV85 segment of chromosome 4, headed 2.9 days earlier than T65. Thus, the additive effect of the QTL flanking RFLP marker R288 (−1.5 days) was confirmed. Similarly, TD-CSSL71A, which carried a DV85 segment of chromosome 10, headed 7.3 days earlier than T65. Consequently, the additive effect of the QTL flanking RFLP marker R1877 (−2.4 days) was also confirmed. On the other hand, TD-CSSL37, which carried a DV85 segment of chromosome 5, headed 2.6 days earlier than T65, in contrast to the additive effect (late heading) of the QTL near C1402 on chromosome 5 (1.8 days) previously detected in the RIC analysis. In addition to the above 3 chromosomal regions, 8 more homozygous segments from DV85 that control heading date were identified from the TD-CSSLs (Table 1 and Fig. 5 ). In conclusion, eight chromosome regions from DV85 contributed to early heading and three conferred late heading, on the basis of substitution analysis using TD-CSSLs.
In the RID analysis, four QTLs for heading date were detected, on chromosomes 4, 7, 10 and 11 (P < 0.01) (Table 1 and Fig. 5 ). The effects of three of these QTLs were tested through substitution mapping; for the fourth, on chromosome 4S, no CSSL containing the corresponding region was available. TA-CSSLs 60, 83 and 88, each carrying a donor chromosome segment encompassing one of the QTLs identified in the RID experiments, showed significant differences in days-to-heading from T65. TA-CSSL83, which carried an ARC10313 segment of chromosome 10, headed 6.5 days earlier than T65. Thus, the additive effect of the QTL flanking RFLP marker C1166 was confirmed. Similarly, TA- CSSL88, which carried an ARC10313 segment of chromosome 11, headed 3.3 days earlier than T65. This result confirmed the additive effect of C189 previously reported in the RID experiments. On the other hand, TA-CSSL60, which carried an ARC10313 segment of chromosome 7 (distal end of the long arm), headed 9.1 days later than T65. The observed additive effect was the opposite of what has been previously reported (early heading) in the RID analysis. The region identified is a QTL near C213, which is closely linked to the Hd2 locus (Yamamoto et al. 1998) . This phenomenon was not observed in the TD-CSSLs: TD-CSSL56 showed early heading even though it carried the Hd2 genomic region from DV85. The allele of ARC10313 at Hd2, therefore, clearly contributed to delayed heading in natural summer conditions at Fukuoka, Japan. The previously detected QTL near G311 on chromosome 4 could not be confirmed owing to the lack of a CSSL that included this region. However, in addition to the three confirmed QTLs originally identified in the RID experiments, six or seven other chromosomal regions controlling heading date were detected from the TACSSLs (Table 1 ). These include four or five alleles from ARC10313 contributing to early heading and another two contributing to late heading.
Candidate QTLs for heading date based on substitution analysis
The locations of genes and QTLs controlling heading date have been recently superimposed on the rice physical map by Yonemaru et al. (2010) . Based on the information from this database, the locations of the following candidate genes and QTLs are illustrated on the chromosome maps in Fig. 5 : dth1.1 (Maas et al. 2010 , Thomson et al. 2003 ; Hd7 (Yamamoto et al. 2000) ; Hd6 (Yamamoto et al. 2000) ; Hd3b and Hd3a (Monna et al. 2002) ; Hd4 (Lin et al. 2003 , Yano et al. 1997 ; Hd2 (Yamamoto et al. 1998 , Yano et al. 1997 ; Hd5 (Lin et al. 2003 , Yano et al. 1997 ; and Ehd1 (Doi et al. 2004 ). Thus, a total of 8 chromosomal regions have previously been reported as the locations of genes and QTLs controlling days-to-heading. On the basis of the substitution analysis described here, six additional regions, on chromosomes 1L, 4L, 5, 6L, 11 and 12 may affect heading date.
Usefulness of CSSLs for future genetic studies and breeding
The CSSLs developed in this study can be used to analyze gene interactions in a uniform genetic background by crossing the lines with each other. These CSSLs showed relatively uniform heading dates (within a range of 13.3 days for the TD-CSSLs and 17.6 days for the TA-CSSLs). Since T65 has weak photoperiod sensitivity, sequential planting of these CSSLs would allow intercrossing of these important genetic materials.
The presence of a uniform background in the introgression lines (ILs) in addition to CSSLs with different donor segments makes it possible to investigate differences among alleles from different donors. CSSLs and NILs are potentially useful in rice improvement programs (Fujita et al. 2010) . Doi et al. (1997) previously developed O. glaberrima ILs in the T65 genetic background and identified specific traits derived from the African rice cultivar (Doi et al. 2008) . We have also developed ILs from interspecific crosses between T65 and two wild relatives . These IL and CSSL materials in the same (T65) genetic background will be very useful in comparing alleles derived from the donor cultivars and from wild rice species. The CSSLs can be used to develop NILs with single and pyramided genes for resistance to insects and diseases derived from different donors. These NILs can then be used as donors of the resistance genes for breeding improved rice cultivars with multiple insect and disease resistance, and for testing the virulence of insects and pathogens.
In addition to the days-to-heading trait, other agronomically important traits have been reported in the donor materials. For example, DV85 showed resistance to green leafhopper (Ghani and Khush 1988, Heinrichs et al. 1985) , green rice leafhopper (Kadowaki et al. 2003, Yasui and Yoshimura 1999) , and bacterial leaf blight (Sidhu et al. 1978 , Wang et al. 2005a . Similarly, ARC10313 showed resistance to green leafhopper (Ruangsook and Khush 1987) and a high level of resistance to green rice leafhopper (Wang et al. 2005b) . The high levels of resistance to insects and diseases in these two cultivars are likely to be controlled by multiple loci. Further evaluation of the CSSLs derived from these two indica cultivars may facilitate reliable genetic analyses of these important loci.
Seeds of the CSSLs described in this report can be obtained from the Plant Breeding Laboratory, Faculty of Agriculture, Kyushu University. Related information is accessible at Oryzabase (http://www.shigen.nig.ac.jp/rice/ oryzabase/top/top.jsp). . Graphical genotypes of CSSLs that showed significant differences in days-to-heading from the recurrent cultivar, T65. Purple and green boxes represent regions homozygous for chromosome segments from DV85 and ARC10313, respectively. Vertical bars represent the locations of SSR markers used here. SSR marker locations were assigned by BLAST homology searches against IRGSP pseudomolecules Build 5 (http://rapdb.dna.affrc.go.jp/download/index.html). The locations of candidate genes and a QTL for days-to-heading are shown above each chromosome; data were obtained from the QTL annotation database constructed by Yonemaru et al. (2010) . Arrowheads under the chromosomes indicate the location of the RFLP markers nearest the QTLs previously detected by using RILs (Oda et al. 2003) .
